Recent studies indicate that serum alkaline phosphatase (AlkPhos), a surrogate of high turnover bone disease, is associated with coronary artery calcification and death risk in maintenance hemodialysis (MHD) patients. The association between AlkPhos and bone mineral density (BMD) is not well studied. We studied the association between AlkPhos and dual-energy X-ray absorptiometry-assessed BMD in a group of MHD patients in Southern California. In 154 MHD patients, aged 55.3 +/-13.6 years, including 42% women, 38% Hispanics, 42% African Americans, and 55% diabetics, the mean serum AlkPhos was 121 +/-63 U/L (median: 101, Q(25-75): 81-141); 36% had AlkPhos>/=120 U/L and 50% had a total T-score< or =-1. Whereas the total BMD did not correlate with age (r=0.01, P=0.99) or body mass index (r=0.10, P=0.22), it correlated negatively with AlkPhos (r=-0.25, P=0.002), including after multivariate adjustment (r=-0.24, P=0.003). The proportion of patients with a high coronary artery calcification score>400 was incrementally higher across worsening BMD tertiles (P trend=0.04). The BMD was significantly worse in MHD patients with serum AlkPhos> or =120 U/L compared with <120 U/L (1.01 +/-0.016 vs.
Introduction
Renal osteodystrophy and other metabolic bone diseases are common in individuals with chronic kidney disease (CKD) including patient undergoing maintenance hemodialysis (MHD). [1] [2] [3] In the general population, such demographic and biological features as age, gender and sexual hormones, and body mass index (BMI) are the most significant determinants of bone mineral density (BMD); however, the abnormalities of bone turnover and bone metabolism in CKD patients, due to mineral abnormalities, hyperparathyroidism, and disorders of vitamin D metabolism, may change the traditional determinants of BMD in CKD patients.
Serum alkaline phosphatase (AlkPhos), a marker of osteoblastic activity, has been recently shown to be associated with coronary artery calcification in CKD patients.[**] [4] [5] [6] [7] [8] [9] Moreover, two recent epidemiologic studies have shown an associations between higher serum AlkPhos and poor survival including increased cardiovascular death in MHD patients. 4, 5 Blayney et al reported the association between AlkPhos and increased fracture rate in MHD patients, leading to increased hospitalization. 5 An increase in serum AlkPhos, also known as hyperphosphatasemia or hyperphosphatasia (not to confuse with hyperphosphatemia), commonly occurs in CKD patients with high turnover bone disease, 10 usually from excesses of the bone isoforms of the enzyme, esp. in the absence of liver disorders. 11, 12 Although the distorted bone and mineral metabolism in MHD patient has been widely studied, the risk factors and predictors of decreased BMD in MHD patients are not well understood. 13, 14 Given the observed association between serum AlkPhos and fracture in recent studies, 5, 13 we hypothesized that the increased serum AlkPhos may be a marker of decreased BMD in MHD patients. To test this hypothesis we examined the association of serum AlkPhos and BMD in a cohort of MHD patients in whom other potential correlates of renal osteodystrophy and metabolic disorders including serum parathyroid hormone (PTH) and nutritional and inflammatory markers were also examined.
Methods

Patient Population
We studied a randomly selected group of MHD patients who participated in the substudy of the Nutritional and Inflammatory Evaluation in Dialysis (NIED) Study (see the NIED Study website at www.NIEDStudy.org for more details, as well as previous publications). [40] [41] [42] [43] [**] The original patient cohort was derived from a pool of more than 3,000 MHD outpatients over 5 years in eight DaVita chronic dialysis facilities in the South Bay Los Angeles area.
Inclusion criteria were outpatients who had been undergoing MHD for at least eight weeks, who were 18 years or older and who signed the Institutional Review Board approved consent form. Patients with an anticipated life expectancy of less than 6 months (e.g. due to a metastatic malignancy or advanced HIV/AIDS disease) were excluded. From October 1, 2001 , through December 31, 2006 , 893 MHD patients signed the informed consent form and underwent the periodic evaluations of the NIED Study and 176 of these individuals were randomly invited to undergo additional tests at the General Clinical Research Center (GCRC) at Harbor-UCLA as parts of the "NIED Substudy". 41
Bone Densitometry Assessment
Out of the said substudy, 154 patients had both measured serum AlkPhos and BMD assessment by dual energy X ray absorptiometry (DEXA), expressed in grams per cm 2 using the DEXA scan Hologic fan-beam QDR-4500-Delphi-A (Software: QDR for Windows XP version 12.4.Hologic Inc., Bedford, MA) according to the manufacturer's instructions. Total BMD was measured from vertex to toe (i.e. whole body BMD). The device normative data of the Third National Health and Nutrition Examination Survey (NHANES III) were used as reference values to calculate the total T-score.
Coronary Artery Calcificatuon Scoring
All subjects underwent electron beam computerized tomography (EBCT) to assess coronary artery calcification score (CACS) using an Imatron C-150XL ultrafast computed tomography scanner (GE-Imatron, South San Francisco, California) immediately after the DEXA scanning in Los Angeles Biomedical Research Institute at Harbor-UCLA, St. John's Cardiovascular Center as described previously. 47 [**]
Anthropometric and Dietary Measures
Body weight assessment and anthropometric measurements were performed while patients underwent a hemodialysis treatment or within 5 to 20 minutes after termination of the treatment. Biceps skinfold (BSF) and triceps skinfold (TSF) thicknesses were measured with a conventional skinfold caliper using standard techniques as previously described. 48, 49 Three-day diet recall with a subsequent interview was performed to estimate the total daily protein and calorie intake. 50
Near Infra-Red Interactance
To estimate the percentage of body fat and fat-free body mass, near infra-red (NIR) interactance was measured at the same time as the anthropometric measurements. 51 A commercial near-infrared interactance sensor with a coefficient of variation of 0.5% for total body fat measurement (portable Futrex 6100 ® , Gaithersburg, Maryland, www.futrex.com) was used. NIR measurements were performed by placing, for several seconds on the upper aspect of the arm without a vascular access, a Futrex ® sensor, and entering the required data (date of birth, gender, weight and height) of each patient. NIR measurements of body fat appear to correlate significantly with other nutritional measures in MHD patients. 52
Laboratory Tests
Pre-dialysis blood samples and post-dialysis serum urea nitrogen were obtained on a midweek day which coincided chronologically with the drawing of quarterly blood tests in the DaVita facilities. The single-pool Kt/V was used to represent the weekly dialysis dose. All routine laboratory measurements were performed by DaVita ® Laboratories (Deland, FL) using automated methods. Roche modular instrumentation method 53 (Roche Diagnostics Corp., Indianapolis, IN), was used for quantitative determinations of AlkPhos, in that pnitrophenyl phosphate is converted to p-nitrophenol plus phosphate, where p-nitrophenol released is proportional to the AlkPhos activity and is measured photometrically. Measured imprecision studies using DaVita patient samples recovered a coefficient of variation of <2.0% and an extended reportable range of 1.0 to 4,400 U/L (personal communication with Dr. J. Steinmetz at DaVita ® Laboratories).
Serum high sensitivity CRP was measured by a turbidometric immunoassay in which a serum sample is mixed with latex beads coated with anti-human CRP antibodies forming an insoluble aggregate (manufacturer: WPCI, Osaka, Japan, unit: mg/L, normal range: <3.0 mg/L). 54, 55 IL-6 and tumor necrosis factor alpha (TNF-α) were measured with immunoassay kits based on a solid phase sandwich ELISA using recombinant human IL-6 and TNF-α (manufacturer: R&D Systems, Minneapolis, MN; units: pg/ml; normal range: IL-6: <9.9 pg/ml, TNF-α: <4.7 pg/ml). 56, 57 CRP, TNF-alpha, IL-1 and IL-6 were measured in the General Clinical Research Center Laboratories of Harbor-UCLA Medical Center. Serum transthyretin (prealbumin) was measured using immunoprecipitin analysis. Plasma total homocysteine concentrations were determined by high-performance liquid chromatography in the Harbor-UCLA Clinical Laboratories.
Other Assessments
The medical chart of each MHD patient was thoroughly reviewed by a collaborating physician, and data pertaining to the underlying kidney disease, cardiovascular history and other comorbid conditions were extracted. A modified version of the Charlson comorbidity index, i.e., without the age and kidney disease components, was used to assess the severity of comorbidities. 45, 46 
Statistical Methods
Pearson correlation coefficient was employed to examine the crude and adjusted linear correlation between total BMD and AlkPhos as well as other relevant variables. Multivariate logistic regression models were fitted to construct odds ratio (OR) of decreased bone density (i.e. T-score <-1.0) in patients with AlkPhos ≥120 U/L before and after controlling for confounding covariates. Restricted cubic spline graphs were utilized as exploratory data analyses to illustrate systematic relations between serum AlkPhos and BMD and T-score <-1.0. This method also served to examine the non-linear associations of continuous serum AlkPhos as an alternative to inappropriate linearity assumptions. 58 Fiducial limits are given as mean±SD (standard deviation); OR values include 95% confidence interval (CI) levels. A p-value <0.05 or a 95% CI that did not span 1.0 was considered to be statistically significant.
A p-value between 0.05 and 0.10 was considered to indicate a trend in order to mitigate the chance of Type II error, i.e., accepting the null hypothesis when it should be rejected.
Descriptive and multivariate statistics were carried out with the statistical software "Stata version 10.0" (Stata Corporation, College Station, Texas).
Results
The 154 subjects of the study were 55.3±13.6 years old (mean ±SD) and included 42% women, 38% Hispanic, 42% African-American and 55% diabetic patients. The mean dialysis vintage was 41±34 months (median: 32, inter-quartile range: 16-59 months). The mean serum AlkPhos was 121±63 U/L (median: 101, percentile 25%-75%: 81-141); 36% of patients had AlkPhos ≥120 (U/L) and 50% had a total T-score ≤-1. Table 1 shows the relevant demographic, clinical and laboratory measures across the three almost equally sized tertiles of total T-score (<-1.6, -1.6 to 0.2, and ≤0.2) with 47 to 55 subjects in each tertile. Age, dialysis vintage and serum AlkPhos were higher in patients in the lowest T-score tertile. The proportion of women was higher in the lower T-score tertiles, but the trend did not reach statistically significant level (p trend=0.11). Both the mean (or median) serum AlkPhos and the proportion of patients with serum AlkPhos ≥120 U/L were higher across worsening T-score tertile (p trend of 0.008 and 0.004, respectively). The proportion of patients with a high CACS >400 was incrementally higher across worsening BMD tertiles (p trend=0.04). There was no difference across the tertiles in terms of race/ ethnicity, body mass index, serum calcium, phosphorus and their product, intact PTH, and the prescribed paricalcitol dose. But patients in the poorer t-score tertile tended to have higher body fat measured by near infrared method (p trend=0.08). Serum C-reactive protein level showed a decreasing trend across T-score tertiles (p trend=0.06) but there was no trend for serum interleukin-6 and tumor necrosis factor-alpha across the T-score tertiles. Table 2 shows the correlation coefficients between total BMD and some relevant nutritional, inflammatory and other biochemical variables. In addition to unadjusted (Pearson) correlation coefficients, multivariate adjusted correlations using linear regression models have also been calculated in order to disclose the underlying associations after removing the effect of confounders. Dialysis vintage was negatively correlated with total BMD, but the correlation mitigated after adjustment for age, sex, diabetes, and liver enzymes aspartate transaminase (AST). Dietary protein and calorie intake and serum CRP were positively correlated with total BMD including after adjustment for other confounders. Serum AlkPhos exhibited the highest correlatation coefficient with the total BMD (r=-0.25, p=0.002) even after controlling for other confounders (adjusted r=-0.24, p=0.0.003) ( Figure 1 ). Figure 2 illustrates the aforementioned trend between serum AlkPhos and total BMD depicted using regression spline models.
In order to further examine the association of serum AlkPhos with total BMD, additional multivariate regression analysis were conducted as shown in Table 3 . In addition to conventional correlates of decreased BMD including age, sex, dialysis vintage and diabetes mellitus, serum AlkPhos was the only biochemical marker with strong association with total BMD especially after multivariate adjustment. This association persisted even after adjustment for serum calcium, phosphorus or their product (data not shown).
In order to further examine the association between high AlkPhos and risk of decreased BMD, we dichotomized AlkPhos at 120 U/L as recently suggested in two recent studies as the cutoff value above which death risk and risk coronary artery calcification score are increased. 4 [**] Total BMD was significantly lower in MHD patients with serum AlkPhos ≥120 U/L compared to <120 U/L (1.01±0.016 g/cm 2 vs. 1.08±0.013, respectively, p<0.001). This trend was persistent within different sites of BMD measurements (data not shown).
Using continuous cubic splines analyses to explore the non-linear association between total BMD and serum AlkPhos, we examined the odds of having a T-score <-1.0. As shown in Figure 3 , the likelihood of having total T-score <-1.0 increased continuously with increasing levels of serum AlkPhos. Table 4 shows the results of unadjusted and multivariate adjusted logistic regression analyses for predicting T-score <-1.0 as the dependent variable. The unadjusted OR of having T-score <-1.0 in MHD patients with AlkPhos ≥120 U/L was 2.3 (95% CI: 1.2-4.5, p=0.019). The OR remained significant after multivariate adjustment for other relevant confounders. Indeed, in fully adjusted model including for demographics, diabetes, vintage, serum calcium, phosphorus, AST, and iPTH, having AlkPhos ≥120 U/L was associated with 2.3 times higher likelihood of total T-score <-1.0 compared to the lowest AlkPhos group (<120 U/L), i.e., an OR of 2.3 (95% CI: 1.1-4.8, p=0.037). Further sensitivity analyses using BMD measured in different sites such as right and left arms, right and left legs and thoracic spine showed similar findings (data not shown).
Discussion
Among biochemical and clinical markers of bone and mineral disorders, we found that serum AlkPhos is the only measure with a statistically significant association with BMD in 154 randomly selected MHD patients. Other biochemical markers had either no association with BMD or their associations were mitigated after multivariate adjustment, whereas the association between AlkPhos and BMD was persistent even after adjustment for known confounders. Serum AlkPhos ≥120 U/L was a significant predictor of decreased BMD and particularly associated with the likelihood of T-score <-1.0.
Mineral and bone disorders occur frequently in CKD and are predictors of morbidity and mortality in patients undergoing maintenance dialysis treatment. [1] [2] [3] The nature of bone disorders in CKD patients is more complex than in the general population, since CKD patients usually suffer from concomitant abnormalities in minerals, parathyroid hormone, vitamin D and fibroblast-growth factor-23 (FGF-23). 15 [**] Furthermore, vascular calcification in CKD patients may be related to the bone and mineral disorders. 9, [16] [17] [18] [19] [20] [21] [22] Hence, traditional determinants of BMD in CKD patients may be significantly different than in the general population in whom such demographic variables as age, sex and BMI or hormonal factors such as sexual hormones play a major role.
AlkPhos exists in bone, liver and placenta and is generally considered a marker of bone turnover in the setting of normal liver function. 10, 12 Circulating level of AlkPhos increases as a result of high osteoclastic activity. 10 Hence, a high serum AlkPhos level in CKD patients is usually from excesses of the bone isoforms of the enzyme. 11, 12 Recent studies by Lomashvili et al [7] [8] [9] have indicted a link between coronary artery calcification and tissue 
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Author Manuscript nonspecific AlkPhos. Several recent observational studies have shown consistent associations between higher serum AlkPhos and increased all-cause and cardiovascular death risk in MHD patients. [4] [5] [6] [7] [8] [9] In this study, we found a consistent association between serum AlkPhos and BMD that was robust to multivariate adjustment. Several studies in the past had shown that BMD may be associated with serum PTH or vitamin D level in CKD patients. 3, [23] [24] [25] [26] In our study, there was no association between mineral concentrations, PTH and other laboratory values and BMD. AlKPhos was the only measure with a significant association with the BMD.
In our study serum AlkPhos ≥120 U/L was a significant predictor of decreased BMD and associated with the likelihood of T-score <-1.0. A recent large epidemiologic study showed that AlkPhos ≥120 U/L was consistently associated with increased all-cause and cardiovascular death risk among different subgroups of MHD patients. 4 Whereas the association between AlkPhos and death risk may be to the above-mentioned effect of AlkPhos on vascular calcification, 9 the found AlkPhos-BMD link in our study may be another plausible explanation to that end, especially, since disorders of bone disease are known to be associated with increased death risk in both the general population [27] [28] [29] and dialysis patients. [30] [31] [32] Advanced age is known as the strongest correlate of decreased BMD. 1, 33 In our study, however, age was not correlated with BMD. First, this may be due to limited number of young adults (i.e. those with peak bone mass) in our study population compared to the studies from the general population. A lowe prevalence of CKD in young adults may explain this age discrepancy. The second explanation is that the process of ageing is strongly associated with extraskeletal calcification in CKD patients, an important factor that might confound the validity of DEXA-measured BMD in CKD patients. Hence, some patients with advanced age may show paradoxically higher DEXA-measured BMD due to overlapping extraskeletal calcifications at BMD measurement sites, a confounding effect that may attenuate the inverse correlation of age and BMD. However, in the analyses, we utilized total BMD, instead of lumbar spine, to reduce the effect of this confounder. In addition, sensitivity analyses in upper extremities with limited extraskeletal calcification, also, did not show any unadjusted correlation between age and BMD (data not shown). The third explanation for why age was not correlated with BMD may be the higher risk of secondary hyperparathyroidism in prevalent hemodialysis patients. Indeed, BMD was inversely correlated with age after adjustment for iPTH and dialysis vintage and other confounders. This may highlight the role of extraskeletal calcification in measurement errors in BMD among CKD individuals.
The significance of low BMD is not quite clear in CKD patients. Indeed, there are no convincing data that support the definition of osteoporosis in patients with CKD. 33 The term osteoporosis was originally defined as "a skeletal disorder characterized by compromised bone strength predisposing to an increased risk of fracture." 33 However, it is not clear whether a low BMD is associated with increased fracture risk in CKD patients and the reports in this field are very limited and inconsistent. 34, 35 In this study, we used total Tscore <-1.0 as the indicator of "low bone density;" however, at the present time, there is no accepted definition for low BMD in CKD patients. 33 In addition to the lack of definition for "low BMD" in CKD patients, the role of DEXA as a diagnostic tool in advanced stages of CKD is unclear, as well. While low BMD is common in CKD, 36, 37 studies examining its association with histologic subtypes of CKD-related bone disease 19, 38 and fracture rates 34, 35 in dialysis have shown inconsistent results, possibly because the more complex nature of bone disease in CKD is not fully reflected by merely a decrease in BMD. Lower BMD has, however, been associated with higher mortality in a single small study of dialysis patients, 39 suggesting that the consequences of low BMD may be more far-reaching and may extend beyond bone-related events. One potential reason for the increased mortality seen with low BMD could be the biochemical changes associated with it, such as the higher alkaline phosphatase seen in our study. There have been no attempts thus far to study prospectively if treatment of low BMD and any associated biochemical abnormality could result in improved survival.
Our study should be qualified for a number of limitations including selection bias during enrollment leading to younger MHD patients. This may explain why age was not a significant predictor of BMD in our patients. Another limitation of our study is that we did not have bone biopsy specimens to determine histologic assessment of osteodystrophy. Moreover, we used DEXA to estimate the total and site-specific BMD. DEXA is the routine instrument in daily clinical practice, and so, our findings may have implication in routine clinical care; however, we did not measured BMD by quantitative computed tomography scanning. The strengths of our study include the moderate sample size, the comprehensive clinical and laboratory evaluations including body composition measures, detailed evaluation of comorbid states by study physicians, and measuring pro-inflammatory cytokines.
Conclusions
In our study, serum AlkPhos was the only biochemical measure with independent association with BMD in 154 randomly selected MHD patients. Serum AlkPhos ≥120 U/L was associated with the likelihood of low BMD (i.e. total T-score <-1.0). Our findings may have clinical implications in the diagnosis and treatment of CKD-MBD. Scatter plot, regression line and 95% confidence intervals, reflecting the correlation between serum alkaline phosphatase and total bone mineral density. Author Manuscript
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